Poletini MO, McKee DT, Kennett JE, Doster J, Freeman ME. Knockdown of clock genes in the suprachiasmatic nucleus blocks prolactin surges and alters FRA expression in the locus coeruleus of female rats. Am J Physiol Endocrinol Metab 293: E1325-E1334, 2007. First published August 28, 2007; doi:10.1152/ajpendo.00341.2007.-The nature of the circadian signal from the suprachiasmatic nucleus (SCN) required for prolactin (PRL) surges is unknown. Because the SCN neuronal circadian rhythm is determined by a feedback loop of Period (Per) 1, Per2, and circadian locomotor output cycles kaput (Clock) gene expressions, we investigated the effect of SCN rhythmicity on PRL surges by disrupting this loop. Because lesion of the locus coeruleus (LC) abolishes PRL surges and these neurons receive SCN projections, we investigated the role of SCN rhythmicity in the LC neuronal circadian rhythm as a possible component of the circadian mechanism regulating PRL surges. Cycling rats on proestrous day and estradiol-treated ovariectomized rats received injections of antisense or random-sequence deoxyoligonucleotide cocktails for clock genes (Per1, Per2, and Clock) in the SCN, and blood samples were taken for PRL measurements. The percentage of tyrosine hydroxylase-positive neurons immunoreactive to Fos-related antigen (FRA) was determined in ovariectomized rats submitted to the cocktail injections and in a 12:12-h light:dark (LD) or constant dark (DD) environment. The antisense cocktail abolished both the proestrous and the estradiolinduced PRL surges observed in the afternoon and the increase of FRA expression in the LC neurons at Zeitgeber time 14 in LD and at circadian time 14 in DD. Because SCN afferents and efferents were probably preserved, the SCN rhythmicity is essential for the magnitude of daily PRL surges in female rats as well as for LC neuronal circadian rhythm. SCN neurons therefore determine PRL secretory surges, possibly by modulating LC circadian neuronal activity. norepinephrine; PERIOD1; PERIOD2 IN FEMALE RATS, PROLACTIN (PRL) secretion has been proposed to result from synchronization among a circadian neural signal from the suprachiasmatic nucleus (SCN), both inhibitory and stimulatory neurotransmitter actions on the pituitary gland, and modulating effects of ovarian steroids (19). As a consequence of this synchronization, female rats display cyclical increases of PRL secretion characterized by two surges: the preovulatory surge of proestrous afternoon (64) and the secondary surge of estrous afternoon (12, 70) .
IN FEMALE RATS, PROLACTIN (PRL) secretion has been proposed to result from synchronization among a circadian neural signal from the suprachiasmatic nucleus (SCN), both inhibitory and stimulatory neurotransmitter actions on the pituitary gland, and modulating effects of ovarian steroids (19) . As a consequence of this synchronization, female rats display cyclical increases of PRL secretion characterized by two surges: the preovulatory surge of proestrous afternoon (64) and the secondary surge of estrous afternoon (12, 70) .
The preovulatory surge of PRL depends on the levels of plasma ovarian steroids, because the increase of estradiol titers induces (45) and the increase of progesterone amplifies (76) this surge. Estradiol treatment in ovariectomized (OVX) rats induces daily PRL surges that occur at roughly the same time of day as the proestrous surge (13) . Shifting of the light phase results in a coincident shift of the proestrous surge (10) , and the estradiol-induced PRL surges of OVX rats free run in constant light (52) , but the mechanism regulating the circadian profile of PRL secretion is still unknown.
The SCN coordinates PRL secretion as well as other circadian events (8, 44, 65) . SCN neurons have been proposed to provide the circadian signal necessary for the preovulatory surge of PRL that occurs on the afternoon of proestrus. The unequivocal evidence supporting this proposal was that lesion of this nucleus abolishes the PRL surges (11, 37, 48) , but no study to date has demonstrated which mechanisms are compromised by the SCN lesion. All attempts to implicate the SCN outputs in this mechanism were unsuccessful; interruption of SCN outputs, i.e., arginine vasopressin (AVP) and vasoactive intestinal polypeptide (VIP), does not reproduce the results obtained with SCN lesion. AVP effects have been shown to be both suppressive (15, 47, 57) and stimulatory (20) , whereas VIP disruption has been shown to have no effect (23) , to delay the PRL surge, or to decrease its magnitude (74) . Therefore, the mechanism interrupted by SCN lesion remains elusive. Furthermore, experiments with lesions do not exclude the participation of modulatory effects of SCN afferents on the mechanism controlling PRL surges. The molecular basis for the circadian rhythm of SCN neurons consists of positive and negative transcriptional/translational feedback loops. The negative loop involves the regulation of both Period (Per) 1, Per2, and Per3 genes and Cryptochrome (Cry) 1 and Cry2. The rhythmic transcription of these genes is driven by the transcription factors circadian locomotor output cycles kaput (CLOCK) and brain and muscle aryl hydrocarbon receptor nuclear translocater-like (BMAL). As the translation of PER and CRY occur, these proteins form heterodimers (PER-CRY), which, in the nucleus, interact with CLOCK and/or BMAL1 to inhibit transcription. At the same time, the rhythmic transcription of Bmal1 expresses a phase opposite that of Per and Cry (5, 55) . Several studies have demonstrated that the disruption of this core molecular-clock function in the SCN prevents circadian behavior and circadian physiological events (6, 24, 32, 62, 77) . Consequently, these clock genes seem to be essential for driving of circadian rhythms in mammals by the SCN neurons. We have shown (59) that an injection of an antisense deoxyoligonucleotide (AS-ODN) cocktail for clock genes (Per1, Per2, and Clock) into the SCN decreases by 60% the expression of the clock genes in these neurons and in turn compromises the circadian release of corticosterone and drinking behavior in OVX rats. Here we describe a specific effect, revealed by this approach, of SCN neuronal circadian rhythm on the mechanism timing PRL surges. We believe the SCN acts as a synchronizer, therefore, determining the time, not the magnitude, of the PRL surges. In addition, with this approach, we were able to identify the relevance of SCN afferents and efferents to this mechanism.
One excitatory component for a PRL surge comes from the locus coeruleus (LC), a pontine nucleus composed of neurons that synthesize norepinephrine (NE) (22, 69) . From this nucleus arises the dorsal noradrenergic pathway, which provides NE for almost the entire central nervous system (4, 18) . The LC neurons are therefore involved in several physiological processes. Their role in arousal, alertness, and the sleep/wake cycle has received much attention (7) , and evidence for their role in hormone secretion has gradually increased. Similar to SCN lesions, lesions of LC neurons abolish the PRL surge that occurs on the afternoon of proestrus (1, 26) and estrus (71) as well as steroid-induced PRL surges in OVX rats (53) . Therefore, LC neurons may be one target of SCN neurons, participating in the neural mechanism controlling the timing of PRL surges. Indeed, a circuit originating in the SCN and projecting to the LC neurons has been described (17) . In male rats, LC neuronal circadian rhythm of electrical activity (3) has been demonstrated, but these neurons seem not to control PRL secretion, because LC lesioning does not affect secretion of this hormone in male rats (53) and the LC of female and male rats differ morphologically and functionally (36) . In the study reported here, we investigated whether LC neurons of female rats display the same circadian profile of activity as those of male rats. Because estradiol exerts strong effects both on NE-biosynthetic enzyme dynamics in LC neurons (35, 60, 61) and on LC neuronal activity (38) in female rats, we characterized the LC neuronal activity in OVX rats and subsequently determined the role of clock-gene expression in the SCN on this rhythm.
MATERIALS AND METHODS

Animals
Adult female Sprague-Dawley rats weighing 250 -300 g (Charles River Labs, Wilmington, MA) were housed under a standard 12:12-h light:dark (LD) cycle with lights on at 0600 and constant temperature (25°C) and humidity. Standard rat chow and water were available ad libitum. Vaginal smears were taken daily, and only rats showing at least three consecutive 4-day regular estrous cycles were used. Animals in the OVX groups were bilaterally ovariectomized under halothane vapor. All experimental protocols were approved by the Florida State University Animal Care and Use Committee.
Experiments
Experiment 1: effect of acute knockdown of clock genes on proestrous PRL surge. On diestrous afternoon, rats were implanted with guide cannulae bilaterally within the dorsal border of the SCN neurons. After 5 days, at 0800 on the next proestrous day, each animal was implanted with a cannula in the jugular vein and then received bilateral injections into the SCN of a cocktail of the AS-ODN or random-sequence deoxyoligonucleotides (RS-ODN) for the clock genes. On the same day, blood samples were collected every 2 h, beginning at 1300 and continuing for 24 h, for measurement of plasma PRL by radioimmunoassay. At the end of the experiment, the animals were perfused with fixative solution and the brains were obtained and processed for immunohistochemistry of CLOCK protein to verify the SCN cannula placements. Results from rats in which the guide cannulae were positioned directly above the SCN were considered to have received effective AS-ODN (n ϭ 6) or RS-ODN (n ϭ 5) treatments. Animals in which injections missed the SCN on one or both sides were included in the experiment as controls (n ϭ 7).
Experiment 2: effect of acute knockdown of clock genes on estradiol-induced PRL surge. Seven days after ovariectomy, animals were implanted with guide cannulae bilaterally within the dorsal border of the SCN neurons. Three days later, at 1000, each received a subcutaneous injection of 20 g of 17␤-estradiol (Sigma) diluted in 200 l of corn oil. On the day after the treatment, at 0800, the estradioltreated OVX animals were submitted to the same protocol described for experiment 1. Results from rats in which the guide cannulae were positioned directly above the SCN were considered to have received effective AS-ODN (n ϭ 6) or RS-ODN (n ϭ 5) treatments. Animals in which injections missed the SCN on one or both sides were included in the experiment as controls (n ϭ 5).
Experiment 3: effect of acute knockdown of clock genes on activity of LC neurons over a 24-h period. Ten days after ovariectomy, rats were placed for 5 days either under LD or in constant darkness (DD) in individual cages. For animals kept in LD, illumination began at Zeitgeber time (ZT) 0 (0600) and ended at ZT 12 (1800). For purposes of comparison, in the last 3 days under both lighting conditions, drinking behavior was recorded for determination of the beginning of the period of rhythmic activity (66) , which was designated circadian time (CT) 12, and experiments were performed in DD according to the CT. We counted the number of tyrosine hydroxylase (TH)-positive neurons immunoreactive to FOS-related antigens (FRA) bilaterally in the LC of both OVX rats and OVX rats injected with AS-ODN or RS-ODN cocktail. Groups of animals were perfused with fixative solution from ZT 2 to ZT 22, as well as at ZT 0 and ZT 12 in LD or at the corresponding CT in DD in the OVX group. In a second set of experiments, animals were perfused 6 h after an AS-ODN or RS-ODN cocktail injection into the SCN. In this last experiment, the SCN was also processed for immunohistochemistry for CLOCK so that the position of the guide cannulae could be evaluated, and only results from rats in which the guide cannulae were positioned directly above the SCN were included in the analysis. The results were presented as the mean Ϯ SE of the percentage of TH neurons expressing FRA in the LC calculated from four animals at each time point. In addition, in the animals perfused at ZT 2 and ZT 10, the number of CLOCKpositive cells was determined in a region corresponding to SCN neurons (see General Methods for details). Animals kept under DD lighting conditions were handled and killed in dim red light (Ͻ1 lux).
General Methods
Bilateral cannula implantation into the SCN. The animals were anesthetized (100 l/100 g weight) with a ketamine (49 mg/ml) and xylazine (1.8 mg/ml) cocktail and were implanted stereotaxically with bilateral stainless-steel guide tubes (1.5 mm apart, 9.5 mm in length, 27 gauge) whose tips were placed at the dorsal border of the SCN (0.8 mm posterior to bregma, 7.9 mm ventral to the dorsal surface of the dura mater). Bilateral 33-gauge solid steel mandrels were placed inside the guide tubes, and dust caps were used to secure the apparatus.
Jugular cannulation and blood samples. Polyurethane catheter tubing (Micro-Renathane; Braintree Scientific, Braintree, MA), extended with Tygon tubing (TGY-040-100; Small Parts, Miami Lakes, FL), was inserted into the jugular vein under halothane anesthesia. A tube filled with sterile heparinized saline (30 U/ml) was fitted subcutaneously and was exteriorized at the back of the animal's neck. Blood samples of 200 l were drawn into plastic heparinized syringes. After removal of each blood sample, the same volume of sterile saline was injected through the catheter to replace the blood volume removed. Plasma was separated by centrifugation at 1,200 g for 15 min at 4°C and was stored at Ϫ20°C until it was assayed for PRL.
SCN injection of deoxyoligonucleotides. The oligonucleotide composition of the cocktail is shown in Table 1 . Animals were anesthe-tized with halothane, and the 33-gauge bilateral mandrels were removed. Bilateral internal cannulae (33 gauge, 10.5 mm length, 1 mm extension beyond the guide tube) were inserted into the guide tubes, and 800 nl of AS-ODN or RS-ODN was injected at 200 nl/min with two 1-l Hamilton syringes attached to an automated microinfusion pump (KD Scientific; Fisher Scientific, Fair Lawn, NJ). AS-ODNs were generated against the 5Ј transcription start site and 3Ј cap site of Per1, Per2, and Clock mRNA (Table 1) . Control animals were injected with RS-ODNs, which had the same nucleotide content (%AGCT) as the AS-ODN but were not complementary to clock gene mRNA sequences ( Table 1) . As demonstrated previously in our laboratory, this cocktail leads to a knockdown of PER1, PER2, and CLOCK expression in the SCN by Ͼ60% within 6 h of injection at a dose of 3 nmol (2.5 mg/ml, 800 nl injection) (59) . In the work reported here, we further confirmed the efficiency of the AS-ODN treatment by demonstrating that the number of CLOCK-positive neurons in the SCN at ZT 2 (0800) and ZT 10 (1600) was lower than that produced by RS-ODN injection.
RIA. Plasma concentrations of PRL were determined by RIA with specific kits provided by the National Institute of Diabetes and Digestive and Kidney Diseases. The antiserum for PRL was anti-rat PRL-S9, and the reference preparation was PRL-RP3. To prevent interassay variation, we assayed all samples in the same RIA. The lower limit of detection for PRL was 0.10 ng/ml. The intra-assay coefficient of variation was 5%.
Analysis of drinking rhythms. Drinking was measured with an automated device (Dilog Instruments, Tallahassee, FL) that counted individual licks in 30-s bins over 24 h. Drinking behavior was used as an index of activity of the animal (65) . The beginning of the 12-h activity period, identified as CT 12 in DD, was determined from the data obtained by the automated device counting licks for 2 days before experiments for each animal. The two times were averaged to predict the onset of activity on the following day. The EPS 500 plotting program (version 5.3.10, developed by Ross Henderson, Florida State University) was used to process these data, in which a 12-h moving average around a central peak of activity was imposed by means of a filter of 20 bins/10 min. CT 12 was used as a reference time for experimental procedures in the DD condition, and light entrainment was used in LD. ZT 12 (0600) is when the lights went off, and the activity period of animals began at 1730 Ϯ 0.3 h under LD in our colony. Using this approach, we could make direct comparisons between the rhythmic activities of LC neurons observed under LD and DD lighting conditions. In a separate group of animals, in which drinking behavior was also recorded, as described in experiment 3, recordings were obtained several days after injections of AS-ODN or RS-ODN into the SCN. When the cannulae were positioned outside the SCN, the data were grouped as misplaced injections. Therefore, the effects of AS-ODN on drinking behavior were evaluated both under entrainment and under free-running conditions.
Immunohistochemistry and cannula replacement. Animals were deeply anesthetized with 83 mg/kg body wt of pentobarbital sodium solution (Nembutal, Abbott Laboratories, Chicago, IL) and were transcardially perfused with 40 ml of sterile saline containing heparin (5 IU/ml), followed by 200 ml of 4% paraformaldehyde (SigmaAldrich, St. Louis, MO) in 0.1 M PBS (pH 7.2). After perfusion, brains were removed, postfixed in 4% paraformaldehyde for 12 h, and cryoprotected in 20% sucrose in 0.1 M PBS at 4°C for at least 24 h. For evaluation of the LC neuronal activity, frontal sections of 30 m were cut in a sliding microtome (Richard-Allan Scientific, Kalamazoo, MI) through the entire rostrocaudal extension of the LC, between 9.16 and 10.52 mm postbregma (50) . To evaluate the guide-cannula replacement, we also cut sections of 30 m between 0.80 and 1.60 mm postbregma, where the SCN neurons are located (50) . Adjacent sections of both nuclei were stored in one of three adjacent series at Ϫ20°C in culture dishes containing cryoprotectant solution (75) . Each of the three series therefore comprised adjacent sections separated by 60 m.
We rinsed one series of sections of both LC and SCN neurons five times for 10 min in 0.1 M PBS (pH 7.35) containing 0.1% Triton X-100 and 0.1% sodium azide to remove cryoprotectant (SigmaAldrich). Nonspecific binding was blocked in 10% normal donkey serum (Chemicon, Temecula, CA) in rinsing solution. All primary and secondary antibodies were diluted in 0.1 M PBS (pH 7.35) containing 0.4% Triton X-100 and 0.1% sodium azide. Sections of LC neurons were incubated with primary antibodies against TH (mouse host, 1:10,000, monoclonal; Chemicon) and against FRA (K-25, goat host, 1:5,000, polyclonal; Santa Cruz Biotechnology, Santa Cruz, CA) for 24 h at 4°C. Sections of SCN neurons were incubated with anti-CLOCK (S-19, goat host, 1:10,000, polyclonal; Santa Cruz Biotechnology). Sections were rinsed three times for 10 min each. In the LC sections, donkey anti-goat Cy3-conjugated and anti-mouse Cy2-conjugated secondary antibodies were added (1:600; Jackson Immunochemicals, West Grove, PA), in the SCN sections, the anti-goat Cy3 (1:400; Jackson Immunochemicals) was added, and sections were again incubated at 4°C for 24 h. After being rinsed, the sections were mounted and cover slips were applied with diluted Aqua-Poly/Mount (Polysciences, Warrington, PA). After 24 h, the edges of the coverslips were sealed with nail polish. The specificities of both antibodies, anti-FRA and anti-CLOCK, were tested in sections incubated with 0.4% Triton X-100 in PBS without the primary antibodies, and no stains were observed (data not shown). The specificity for anti-CLOCK was also demonstrated elsewhere (34, 46) . Images were taken with a Leica DM LB microscope fitted with short-pass filters (Cy2, 488 nm; Cy3, 596 nm) and a SPOT RT monochrome camera (Diagnostic Instruments, Sterling Heights, MI) attached to a microcomputer. Image acquisition and analysis were conducted with MetaMorph software (Universal Imaging, Downingtown, PA). Grayscale images of LC neurons immunoreactive to both TH and FRA were overlaid and pseudocolored in MetaMorph. The number of TH neurons expressing FRA was determined bilaterally in LC neurons of one series. The results are presented as the percentage of TH neurons expressing FRA. The grayscale of CLOCK-positive SCN neurons was obtained, and the position of the guide cannulae as well as the track of AS-ODN and RS-ODN injections was evaluated. In the OVX rats perfused at ZT 2 and ZT 10 in experiment 3, we counted the number of CLOCK-positive neurons in an area corresponding to the SCN, which was determined by immunohistochemistry in both the RS-ODN-and the AS-ODN-injected group. A circle 500 m in diameter was drawn bilaterally adjacent to the ventricle and slightly above the optic chiasm for counting of the neurons, as shown in Fig. 1 . The circle was drawn in the same position in all SCN sections, and the CLOCK-positive neurons were counted in six sections per animal. The results were summed and then averaged for each experimental group (AS-ODN and RS-ODN). The results are presented as the number of CLOCK-positive cells in the SCN. The efficiency of the treatment could therefore be tested. The counting for both the percentage of TH neurons expressing FRA in the LC and CLOCK-positive cells in the SCN was performed blindly.
Statistical Analysis
Data from experiments 1 and 2 are presented as means Ϯ SE of plasma PRL concentrations. Statistical differences between AS-ODN and RS-ODN were determined by two-way ANOVA followed by Bonferroni's post hoc test. Temporal differences within the same group were determined by one-way ANOVA followed by Bonferroni's post hoc test. Data from experiment 3 are presented as means Ϯ SE of the four animals perfused at each ZT or CT from different treatment groups (AS-ODN-injected and RS-ODN-injected groups). Both statistical differences between lighting schemes and those between treatment groups in experiment 3 were determined by two-way ANOVA followed by Bonferroni's post hoc test. Differences among ZTs or CTs in the same experimental group were analyzed by one-way ANOVA followed by Newman-Keuls multiple-comparison tests. Statistical differences in the number of CLOCK-positive neurons in the SCN between AS-ODN and RS-ODN were determined by two-way ANOVA followed by Bonferroni's post hoc analysis. All analyses were performed with GraphPad Prism (GraphPad Software, San Diego, CA), and P Ͻ 0.05 was considered statistically significant. Figure 1 illustrates the position of the guide cannulae on one side of the SCN. Figure 1A shows a guide cannula that missed the SCN; Fig. 1 , B and C show cannulae successfully positioned above the SCN. The track of the injected cocktail (AS-ODN or RS-ODN) is marked by the tissue damage toward the SCN neurons (Fig. 1, B and C) . As demonstrated by the number of CLOCK-positive neurons in the SCN of rats perfused at ZT 2 and ZT 10, the AS-ODN treatment significantly decreased CLOCK expression in the SCN (Fig. 2) . Analysis of drinking behavior showed that the activity period started at ϳ1730 in animals kept under LD (mean Ϯ SE of 1730 Ϯ 0.3 h). Five days after the transition to DD, the beginning of the activity period (CT 12) was delayed ϳ2 h (mean Ϯ SE of 19:30 Ϯ 0.3 h; data not shown). The antisense cocktail clearly disrupted circadian drinking behavior. Figure 3 shows lick recordings of one representative rat from each experimental group (AS-ODN and RS-ODN) and from rats in which the SCN guide cannulae were misplaced. The AS-ODN decreased the licking and acutely abolished the rhythmicity, which was restored on the third day after the treatment (Fig. 3) . This effect was observed under both lighting conditions (Fig. 3) . Drinking behavior decreased to a minimum during this period, marked by an average of 10 licks per 10-min bin. These data suggest that AS-ODN cocktail transiently and specifically disrupted the function of the central molecular oscillator within the SCN.
RESULTS
Experiments 1 and 2: Knockdown of Clock Genes in the SCN Neurons Abolishes Both the Proestrous and Estradiol-Induced PRL Surges
A broad surge of PRL characteristic of proestrous afternoon was seen in the RS-ODN group. In this group, plasma PRL concentrations started to increase at 1500 and remained higher until 2100 (Fig. 4A) . Because of lack of progesterone effects (2, 76), the estradiol-induced PRL surge in OVX rats is sharp and smaller than that of proestrus. This typical surge of PRL was observed in the RS-ODN estradiol-treated group (Fig. 4B) , which showed a peak of PRL secretion at 1700. In both proestrous and estradiol-treated OVX rats, these same secretory PRL surges were observed in animals in which injections missed the SCN on one or both sides (Fig. 4) . The injection of AS-ODN cocktail for clock genes into the SCN abolished both proestrous day and estradiol-induced PRL surges (Fig. 4) . Figure 5 shows a photomicrograph of neurons expressing TH and FRA in a representative section of the LC. Doublelabeled cells are those exhibiting a green cytoplasmic stain (neurons positive for TH) and a red nucleus (positive for FRA).
Experiment 3: Knockdown of Clock Genes in the SCN Neurons Alters the Circadian Rhythm of LC Neuronal Activity in OVX Rats
In LD, the percentage of TH neurons expressing FRA was significantly lower at ZT 10 than at any other ZT and reached the highest levels at ZT 14 (Fig. 6A) . In DD, a higher percentage of TH neurons expressing FRA was also observed at CT 14 and a lower percentage was observed at CT 6 than at any other CT (Fig. 6B) . No differences were found between percentages at any ZT observed in LD and the corresponding CT in DD.
After administration of RS-ODN to OVX rats, a higher percentage of TH neurons expressing FRA was observed in the LC at ZT 14 in LD and at CT 14 in DD. In the RS-ODN group under LD, lower LC neuronal activity was observed at ZT 10 ( Fig. 7, A and B) . The administration of AS-ODN abolished the increase in percentage of TH neurons expressing FRA at ZT 14 and CT 14, observed at LD and DD, respectively (Fig. 7, B and  D) . In addition, in LD, this treatment caused a premature decrease, at ZT 6 rather than ZT 10 (Fig. 7B) . Therefore, the knockdown of clock genes in the SCN neurons changed the profile of LC activity under both lighting conditions.
DISCUSSION
In the study reported here, for the first time, the effect of the SCN clocks regulating neuronal circadian rhythms on the PRL surges of proestrus was revealed. Interestingly, when SCN rhythmicity, the synchronizing factor in the mechanism controlling PRL secretion, was taken away, both the proestrous afternoon and the estradiol-induced PRL surges were abolished. Because SCN afferents and efferents might have been preserved, in contrast to the case of a lesion, we can now further suggest that the SCN rhythmicity is essential for the magnitude of PRL surges in female rats. We also have demonstrated that LC neurons are one of the possible targets of the SCN. The SCN neuronal rhythmicity was disrupted by knockdown of clock gene (Per1, Per2, and Clock) expression within the SCN. This procedure compromised the functional circadian clock, as confirmed by disruption of circadian drinking behavior. Clock genes in the SCN therefore control the estradiol- Fig. 4 . Effects of knockdown of PER1, PER2, and CLOCK expression in SCN on profile of plasma prolactin (PRL) levels on day of proestrus (A) and in ovariectomized rats treated with 20 g estradiol at 1000 (B). A cocktail of either AS-ODN or RS-ODN for clock genes was injected into SCN, and blood samples were taken. AS-ODN injection abolished both surges of PRL on day of proestrus and in estradiol-treated animals. Black bar on x-axis indicates period of darkness in animal quarters.
a P Ͻ 0.01 vs. 1300 (1-way ANOVA followed by Bonferroni's post hoc test); *P Ͻ 0.05 vs. RS-ODN and group with misplaced injection (2-way ANOVA followed by Bonferroni's post hoc test). Numbers of animals used in experimental groups are in parentheses. induced circadian PRL surges, possibly by modulating LC neuronal activity.
We have shown here that an injection of AS-ODN for clock genes into the SCN abolishes both the proestrous and estradiolinduced PRL surges in OVX rats, whereas injection with RS-ODN, or with AS-ODN that missed the SCN, did not do so. These results suggest a specific role for SCN rhythmicity in the mechanism controlling PRL secretion.
Because the transcriptional/translational feedback loops of these genes have been proposed to determine the circadian rhythm in the SCN (55), the AS-ODN cocktail injection may disrupt the rhythmicity of the SCN neurons. Indeed, we have previously demonstrated (59) that this treatment disrupts the two well-known events that depend on the circadian signal from the SCN, i.e., circadian drinking behavior and circadian corticosterone secretion in OVX rats. The drinking-behavior disruption was confirmed in the present study. Furthermore, here we have shown that this treatment decreases CLOCK expression in the SCN, but because CLOCK-deficient mice continue to express robust circadian rhythms in locomotor activity, although their responses to light are altered (14), we do not interpret the decreased CLOCK expression in the SCN as a proof of lost rhythmicity but rather as indicating that expression of the clock-gene feedback loop might be compromised. Because we used a cocktail in the present study, we obviously cannot identify the specific gene(s) involved in the PRL rhythm. Clock-mutant mice, however, display a disrupted neuroendocrine system marked by decline in progesterone levels at midpregnancy together with a shortened duration of pseudopregnancy, suggesting that PRL release is compromised (41). In addition, CLOCK-BMAL1 seems to regulate PRL gene expression at least at the level of the pituitary (34) . Because a diurnal increase of Per1 and Per2 expression in the rat SCN starts before the time of the surge of PRL (63, 68) , these genes most probably drive the circadian signal involved in the mechanism controlling PRL secretion.
We cannot disregard the possibility that the lack of SCN rhythmicity affects the SCN projections. VIP and AVP might be compromised after interruption of the feedback loop of clock-gene expression. CLOCK-BMAL1 heterodimer accelerates AVP transcription (30) , and clock-mutant mice show a decrease of AVP specifically in the SCN (27, 40) . VIP and AVP expression peak at the same time as Per1 and Per2 gene expression, suggesting that their expressions are causally related (56) .
The circadian signal from the SCN is always present in the rat, but a PRL surge is only observed after the increase of estradiol titers on diestrus or estradiol treatment in OVX rats. A secretory preovulatory PRL surge is therefore a consequence of the modulatory effects of ovarian steroids on an endogenous rhythm controlling PRL secretion. In the absence of estradiol, the rhythmic inhibitory and stimulatory inputs governing PRL secretion are extant, but a PRL surge only occurs after estradiol priming (19) . Estradiol treatment in OVX rats promotes an advance in the acrophase of Per2 RNA expression in the SCN, but this hormone is unlikely to act at the level of the SCN to affect PRL secretion, because injection of estradiol into the SCN does not induce a PRL surge (49) and these neurons are not an estradiol-concentrating site (51) . We therefore suggest that, although a circadian signal is given every day by the SCN, it does not modify PRL secretion unless the endogenous rhythm controlling PRL secretion has been affected by estradiol.
The AS-ODN for Clock, Per1, and Per2 mRNA injected into the SCN abolished the increase of LC neuron activity observed at CT 14 under both lighting conditions and altered the decrease in activity observed at ZT 10 in LD and at CT 6 in DD lighting conditions. LC neurons might be involved in the daily signal from the SCN that controls PRL secretion, but the present findings do not reveal whether the role of the LC is permissive or whether the regulation of the LC by the SCN is critical to the surge. Moreover, although our sampling times were rigorous, they do not exclude the possibility that the treatments merely phase shifted the rhythm in the LC.
FRA expression in the TH neurons has been demonstrated as a reliable index of neuronal activity (28, 29) . We chose this technique to evaluate LC activity, although FRA expression and neuronal activity are not always interchangeable. FRA expression lags behind neuronal activation by 2 h (31). In view of this delay, the increase in FRA expression observed in TH-positive neurons at ZT 14 in LD or at CT 14 in DD reflects changes in the LC neurons' activity that occurred at the beginning of the animals' active period, corresponding to the onset of darkness, ZT 12. This result agrees with the circadian profile of LC electrical activity described in male rats (3) . Because the phenotype of the LC neurons was identified in our study, our results further indicate that the noradrenergic neurons of the LC display circadian rhythm of activity in OVX rats. This circadian increase in the NE neuronal activity of LC coincided with the time of the PRL surges, but it did not precede the estradiol-induced PRL surge. As previously demonstrated, however, LC neuronal activity does increase before the PRL surge on proestrous afternoon (38) . Because this surge results from an increase in ovarian steroid levels (64), we believe that ovarian steroids exert a stimulatory effect on LC neurons, not only amplifying their activity but precipitating it. Indeed, LC neurons have been shown to have estrogen and progesterone receptors (25, 39) . Also, LC neurons concentrate [ 3 H]estradiol (58) , and the mRNA for TH in the LC neurons is increased by estradiol (60) . We believe that this effect of estradiol on LC neuronal activity might predict an NE increase before the surges. Such an increase is observed in target areas controlling PRL secretion, such as the ventromedial hypothalamus and medial preoptic area (43, 54, 72) . Because electrochemical stimulation of the LC induces release of NE in these areas (21) , whereas lesion of this nucleus leads to a decrease (1, 71) , LC neurons are candidates for providing NE for these areas. We therefore suggest that the action of estradiol in the LC neurons promotes an increase in their activity; these neurons, once activated, release NE to areas controlling PRL secretion. Further experiments are required to determine the effects of ovarian steroids on the circadian rhythm of LC neuron activity. Because lesions of LC neurons (1, 53) reproduce the results of SCN lesion (11, 37, 48) , i.e., abolition of both the preovulatory surge of proestrous afternoon and the estradiol-induced surge of OVX rats, we hypothesized that these neurons convert the increase of estradiol levels (which is required for PRL surges) to the circadian daily signal provided by the SCN.
In a previous study (59) , we have shown that the expression of clock genes in the SCN is reduced by 60% after AS-ODN cocktail injection, so the remaining clock protein could still be present in the SCN controlling the LC neuronal activity. Its presence might explain why the abolition of LC circadian rhythm has only been seen in DD, when both clock-gene circadian inputs from the SCN and the light cue were missing. Because the effects of SCN on LC activity have been proposed to be indirect, through dorsomedial hypothalamus (3), this area might be responsible for the circadian LC activity observed in the present study.
The technique we used (antisense cocktail for clock genes) allows the identification of some of the specified components involved in the complex interconnection between circadian rhythmicity and reproduction. In addition, this technique has the advantage of transiently affecting the rhythmicity. One of the immediate implications of a better understanding of the role of the circadian timing system in reproductive hormone profiles is to open a prospective basis for therapeutic intervention in abnormal reproductive function. Women with circadian rhythm abnormalities, caused, for example, by shift work, winter depression, or sleep disturbances, present low PRL secretion (16, 42, 67, 73) . These abnormalities have been associated with an increased risk of subfecundity and changes in menstrual function (9, 33) . In the present study, we have demonstrated that clock-gene knockdown in the SCN abolished estradiol-induced PRL surges in cycling and OVX rats. Because this treatment also desynchronizes the rhythmicity of LC neurons in OVX rats, we suggest that SCN neurons time PRL secretory surges by modulating the circadian rhythm of LC neurons.
